IntroductIon
Across most of the globe, agricultural yields have doubled over the last 50 years because of improved germplasm, increased inorganic fertilizer application, and the expansion of irrigated agriculture (Tilman 2002) . Still, hunger and malnutrition persist in many developing countries because of food shortage and food distribution problems. Currently, fertilizer application rates in most farm fields across sub-Saharan Africa (SSA) do not compensate for the nutrients exported through the crop harvest (Sanchez 2002 , Vitousek et al. 2009 , and only about 4% of cropped lands are irrigated (Wood et al. 2000) . As a result, this region suffers from declining soil fertility and low grain yields. Widespread food shortages force the region to rely heavily on food aid, and 214 million people in SSA (about 24% of the population) suffer from chronic undernourishment (FAO et al. 2014) .
In 2004, the former UN Secretary General, Kofi Annan called for a uniquely "African Green Revolution" (AGR; Annan 2004) to rapidly increase agricultural productivity by combining advances in agricultural research with new policy instruments (Sanchez et al. 2009) . A key strategy of the AGR is to increase the use of fertilizers, high-yielding seeds, and agricultural extension services , Sanchez et al. 2009 ). The Alliance for a Green Revolution in Africa aimed to increase fertilizer use in the region 11-fold, from 7 to 75 kg of fertilizer/ha/yr by 2015 (Hickman et al. 2014) . Numerous national government agencies and non-government and international organizations currently support programs that provide agricultural inputs at subsidized rates or through rural credit. Recent studies show that local cereal yields may double or even triple where adoption rates of both improved seeds and fertilizers are high (Sanchez et al. 2007 , Nziguheba et al. 2010 , Snapp et al. 2010 , Sanchez 2015 .
Little is known about the fate of these additional nutrients, especially nitrogen (N) in SSA croplands. High rates of N fertilizer use in agroecosystems can lead to a number of environmental impacts including increased concentrations of nitrate (NO Abstract. Fertilizer applications are poised to increase across sub-Saharan Africa (SSA), but the fate of added nitrogen (N) is largely unknown. We measured vertical distributions and temporal variations of soil inorganic N following fertilizer application in two maize (Zea mays L.)-growing regions of contrasting soil type. Fertilizer trials were established on a clayey soil in Yala, Kenya, and on a sandy soil in Tumbi, Tanzania, with application rates of 0-200 kg N/ha/yr. Soil profiles were collected (0-400 cm) annually (for three years in Yala and two years in Tumbi) to examine changes in inorganic N pools. Topsoils (0-15 cm) were collected every 3-6 weeks to determine how precipitation and fertilizer management influenced plant-available soil N. Fertilizer management altered soil inorganic N, and there were large differences between sites that were consistent with differences in soil texture. Initial soil N pools were larger in Yala than Tumbi (240 vs. 79 kg/ha). Inorganic N pools did not change in Yala (277 kg/ha), but increased fourfold after cultivation and fertilization in Tumbi (371 kg/ha). Intra-annual variability in NO − 3 -N concentrations (3-33 μg/g) in Tumbi topsoils strongly suggested that the sandier soils were prone to high leaching losses. Information on soil inorganic N pools and movement through soil profiles can h vulnerability of SSA croplands to N losses and determine best fertilizer management practices as N application rates increase. A better understanding of the vertical and temporal patterns of soil N pools improves our ability to predict the potential environmental effects of a dramatic increase in fertilizer application rates that will accompany the intensification of African croplands.
increased soil emissions of nitrous oxide (N 2 O), a powerful greenhouse gas (Forester et al. 2007 ). The magnitude and dominant pathways for N loss are strongly controlled by soil type and land use practices, both of which vary widely across SSA (Dixon et al. 2001 , Dewitte et al. 2013 .
Edaphic factors, such as texture and mineralogy, are important determinants of N storage and loss in soils. Soil texture can influence the rate of water movement and storage, and therefore, the ability of biotic and chemical processes to transform, capture, and/or retain N. Soil mineralogy controls both particle size and the charge distribution that lead to cation exchange capacity (CEC; Brady and Weil 2007) , which in turn affect both nutrient storage and loss. In weathered, tropical soils, variable charge 1:1 clay minerals can also develop net anion exchange capacity (AEC) at low pH, which can lead to NO − 3 adsorption and reduction of NO − 3 leaching losses (Berg and Thomas 1959 , Ishiguro et al. 1992 , Bellini et al. 1996 , Katou et al. 1996 . When coupled with climatic factors, especially rainfall regimes, soil properties can influence both the magnitude and pathways for N loss. For example, in tropical regions with clayey soils and distinct wet and dry seasons, the onset of rains can result in a pulse of NO − 3 in soil solution caused by rapid mineralization of soil organic matter, often called the Birch effect (Birch 1964) . This pulse of NO − 3 has been observed in clayey soils in SSA (Wild 1976 , Chikowo et al. 2004 ) and many other tropical regions (Hardy 1946 , Wetselaar 1961 . Sandy soils are less likely to show an initial pulse of NO − 3 in the topsoil because soil organic matter content is often low and water tends to infiltrate rapidly, quickly moving solutes down the soil column. Soils with low water-holding capacity also have short water residence time, which may increase N leaching because there is less time for plant or microbial N uptake and the chemical reactions that exchange or immobilize N (Schmidt et al. 2011; T. A. Russo, et al., unpublished manuscript) .
The type of fertilizer can also influence the fate and magnitude of losses from agricultural systems. Inorganic fertilizers, such as diammonium phosphate (DAP) and urea, are immediately available for plant uptake and susceptible to leaching losses and gaseous emissions once ammonium NH 4 + has been converted to NO − 3 by nitrification. Organic inputs, on the other hand, must first undergo decomposition and mineralization before plants can assimilate N. Leaching losses will likely be reduced in fields receiving organic compared to inorganic fertilizer because of lower N concentrations in the soil solution as nutrients are released more slowly from organics (Palm et al. 2001) . Organic matter can also serve as a source of carbon, promoting nutrient recycling and N immobilization.
We examined the changes in the vertical distribution and temporal dynamics of inorganic N in two maizebased systems in East Africa with contrasting soil types receiving a range of N fertilizer rates. One system (in the western highlands of Kenya) has clayey and the other (in mid-western Tanzania) sandy soils. While Africa's soils are highly diverse, these sites represent the end members of the soil texture spectrum and comprise the dominant soil types for the cultivated humid regions of SSA (Ferralsols and Acrisols). We expected that the sandy soils would have high intra-annual variability in N concentrations in response to precipitation events, that the clayey soils would have a larger total inorganic N pool, and that plots receiving organic inputs (in the form of legume plant material) would have a smaller and less variable inorganic N pool. We use the results to suggest how N applications might be better managed to increase maize productivity, while minimizing expensive and potentially detrimental losses of N to the environment.
materIaLs and methods

Study sites
This study was conducted at two sites that differed in soil texture, mineralogy, and rainfall: (1) Yala, in the highlands of western Kenya, has sandy clay loams of oxidic mineralogy (Eutric Ferralsol; 37% clay in top 15 cm), and (2) Tumbi, in mid-western Tanzania, has loamy fine sand soils (9% clay in top 15 cm) of mixed mineralogy with small amounts of oxidic minerals (Ferric Acrisol; Table 1 ). Ferralsols and Acrisols comprise 10.3% and 2.9% of the total land area in SSA (Dewitte et al. 2013 , Tully et al. 2015a and are the dominant soil types across the humid agroecological zones of SSA (Bationo et al. 2012) . Soils in Yala have much higher clay content (39%) than Tumbi soils (9%; Table 2 ). Both total topsoil N and extractable P were generally higher in Tumbi than Yala, but Yala topsoils had higher cation exchange capacity and extractable cations than Tumbi topsoils (Table 3) .
Yala, Kenya, receives 1816 mm of precipitation per year on average. The region has two rainy seasons: the long rains typically extend from March to June (about 44% of annual rainfall) and the short rains typically extend from October to November/early December (about 25% of annual rainfall; Fig. 1A ). Tumbi, Tanzania receives 928 mm of rainfall per year, but, has one rainy season that extends from November to April (Fig. 1E) . The mean annual temperature (across four years) was 23.5°C at both sites (Nziguheba et al. 2010 , Palm et al. 2010 . Both sites are rain-fed, maize-based systems (Dixon et al. 2001 
Experimental design
To determine the effect of fertilizer rate on soil N dynamics, experimental plots were established in a randomized complete block design. Plots were amended with six different levels of inorganic fertilizer: 0, 50, 75, 100, 150, and 200 kg N/ha, applied adjacent to the plant. In Tumbi, maize was planted in a ridge-furrow system to conserve rainwater and to follow local practice. Maize is not typically ridged in Yala, so we planted maize on a flat field. In accordance with AGR protocols, we used a split fertilizer application. One-third was applied at planting as DAP in the same hole as the seed. The remaining twothirds was added 5-6 weeks later (maize growth stage V5-6) as urea within a 15 cm diameter ring around the plant (see Table 4 for fertilizer timetable). In Yala, maize was also cultivated during the short rains, and without fertilizer to follow local practice (Table 4) . Yields were not measured. There is no short rainy season in Tumbi, thus only a single crop of maize was planted per year (Table 4) .
In Tumbi, we added an additional treatment of Gliricidia sepium (Jacq.) Kunth ex Walp, a nitrogenfixing legume often used in agroforestry systems in the region. Fresh leaves of Gliricidia (3.5% N) were collected from outside the experimental area and were added at a rate of approximately 75 kg N/ha (the rate recommended by the AGR) in two applications. We added 8.9 kg of fresh chopped Gliricidia leaves and small stems per plot (1.1 kg per ridge, per application; Appendix S1: Eq. S1) at each application. The first organic application occurred two weeks prior to planting and inorganic fertilizer application. We opened the top of the ridge, spread leaves evenly across the top, and covered the leaves with soil. We added the second half of Gliricidia leaves at the same time as the second inorganic fertilizer (urea) application (maize growth stage V5-6). In this case, we opened the side of the ridge, spread leaves evenly along mid-ridge, and covered the leaves with soil.
Each treatment was replicated four times, for a total of 24 plots in Yala and 28 plots in Tumbi. Maize was planted in both locations at 30 × 75 cm spacing (Kenya Seed Company WH403 in Yala and Dekalb 8053 in Tumbi). Plots were 18 m 2 (3 × 6 m), with a 0.5-m buffer between each plot in Yala and 1-m buffer between each plot in Tumbi. Each plot contained a total of 80 plants. The outside two rows of maize were considered buffer plants, and all measurements were taken from the center of the plot (10.8 m 2 ; 24 plants total). (Table 4) . We collected all ears from the inside the buffer area. Total stalks and ears were weighed in the field. Subsamples of grains, stalks, and shelled cobs were weighed fresh within 24 h of sampling. Subsamples were then oven dried at 60°C for 48 h and re-weighed to determine moisture content. The fresh : dry ratios were used to calculate the total plot harvested dry weight (Hickman et al. 2015) . Subsamples of grain, cob, and stalks were ground to 2-mm mesh and analyzed for total C and N content using elemental analysis (ICRAF Laboratories, Nairobi Kenya). Nutrient concentrations in maize plant tissues were used to calculate the quantity of N taken up by maize. As stalks were left in the field after harvest, the amount of N exported was calculated as the amount in maize grains alone.
In an undisturbed part of the field in Yala (between the blocks), we measured bulk density with a slide hammer using a stacked-ring method (core volume of 205.9 cm 3 ; Core Sampler Complete, AMS, American Falls, Idaho, USA). This method allowed for multiple samples to be taken in a small area with minimal disturbance to crops, in contrast to the pit and carving methods. In Tumbi, we excavated a 2-m pit and inserted aluminum rings (100 cm 3 ) into the side of the pit in a vertical array and used the carving method to determine bulk density (Gradwell 1972) . We used one measurement of bulk density for Yala and one for Tumbi at each depth across all plots.
Soil profile sampling
In Yala, the experimental treatments and maize crops had already been in place for one year prior to the first vertical profile collection. The profile was collected in the unfertilized plots on 23-24 April of 2012, 18 d after planting the second long rain maize crop. In Tumbi, soils were sampled before the fertilizer trial was established from four blocks of the experimental field on 12-13 November 2012, 25 d before planting the first year of maize. In both sites, soils were collected to 400 cm using a 7-cm bucket auger at ten depths: 0-15, 15-30, 30-50, 50-100, 100-150, 150-200, 200-250, 250-300, 300-350 , and 350-400 cm. We randomly selected four locations per plot/blocks, and drilled to 15 cm, and composited all four samples (samples were thoroughly mixed in the field). We then randomly selected two of the four holes and drilled three separate depths (15-30, 30-50, and 50-100 cm) and composited each depth. We selected at random one of the holes and drilled six separate depths to 400 cm or until we hit a restriction in the soil profile.
Two additional vertical soil profiles were collected in Yala (in May, 2013 and September, 2014) and one in Tumbi (in May, 2014; Table 4 ). Soils were collected to 400 cm as described previously and samples were taken within 15 cm of a maize plant, the area where fertilizer was applied. In Yala, soils were collected from the unfertilized plots and the plots receiving 200 kg N/ha/ yr. In Tumbi, soils were collected in (1) the unfertilized plots, (2) plots receiving 200 kg N/ha/yr, (3) plots receiving 75 kg N/ha/yr, and (4) plots receiving Gliricidia clippings at a rate of approximately 75 kg N/ha/yr.
On the same day as collection, field-moist soils were extracted in duplicate using 2 mol/L potassium chloride (KCl; 25:100 soil to solution) and extracts were immediately frozen until they could be analyzed. Also the same day as collection, field-moist soils were weighed and then dried for 48 h at 105°C and re-weighed to determine moisture content. We transported frozen extracts to the Marine Biology Laboratory in Woods Hole, Massachusetts, USA, for analysis. Inorganic NO − 3 in the KCl extract was analyzed on a LACHAT QuikChem (LACHAT Instruments, Loveland, Colorado, USA) using cadmium-reduction. Ammonium -N was determined in extracts by indophenol-blue method (Solorzano 1969 ) and analyzed on a spectrophotometer at 640 nm (Shimadzu UV-1601, Kyoto, Japan). In Yala, the third set of soil profiles was collected in September 2014 in the Because soil depths were of variable thickness (0-15 cm compared to 50-100 cm), we also examined the vertical distribution of inorganic N pools normalized for 15 cm of soil at each depth (Jobbágy and Jackson 2001) . We calculated a normalized soil N pool by replacing the sample depth in Eq. 1 with a standard depth of 15 cm (Appendix S1: Fig. S1 ).
A subsample of the top 15 cm of the initial profiles in Yala and Tumbi were measured for total N (modified Kjeldhal digestion and analysis on photometric analyzer; Thermo Scientific, Aquakem 200), and soil organic matter (Walkey Black using a UV-Vis [Shimadzu, UV-1240 Thermo Fisher Scientific, USA]). Available soil P, K, Ca, Mg, and Na was determined using a Mehlich III extraction (Mehlich 1984) and analyzed on an inductively coupled plasma mass spectrometer (ICP-MS Thermo Fisher Scientific, iCAP 6300, USA). Cation exchange capacity (CEC) was determined by summation of Ca, K, Mg, and Na. Soil pH was determined by a 1:2 soil to water slurry on all samples (Hanna combination pH/EC/TDS/temperature probe, HI 98129, Woonsocket, RI). Sub-samples from each depth in the initial profiles were analyzed for texture using the hydrometer method (Gee and Bauder 1986) .
Longitudinal surface soil sampling (0-15 cm)
Every three weeks during the growing season, soils from each plot were collected from 0 to 15 cm using a 2.2 cm diameter soil probe. Samples were collected from eight random locations in each plot and composited for a total of 24 samples per sampling date in Yala and 28 samples per sampling date in Tumbi. Soils were not collected between 6 September, 2012 and 19 March, 2013 in Kenya (short rain season). In subsequent short rain seasons in Kenya (2014) and the dry season in Tumbi, samples were collected every six weeks. Soil samples were extracted for inorganic N using 2 mol/L KCl and analyzed on the colorimeter and spectrophotometer for NO 
Statistical approach
When necessary, we used Box-Cox (Box and Cox 1964) and log transformations prior to analysis to satisfy the assumptions of the statistical model. We used a linear mixed-effects (LME) model (lme4 package for R; Bates et al. 2013 ) to examine the differences in concentrations of NO on initial soil characteristics, blocks were nested within location and we used Tukey post hoc tests (multcomp package for R; Hothorn et al. 2008 ) to examine the differences in soil characteristics among depths. To test the effect of N fertilizer application and maize cultivation (second vertical profiles; Yala-May, 2013; and TumbiMay, 2014) on soil characteristics, we included location, depth, and treatment (0 and 200 kg N/ha/yr) as fixed effects in the LME with blocks nested within location and fertilizer treatments nested within blocks as random effects. We then subset the data by location to more explicitly examine the effect of fertilizer and depth on soil characteristics (with treatments nested within blocks). We examined the effect of fertilizer source (75 kg N/ha inorganic vs. organic) and depth on concentrations of NO − 3 -N and NH + 4 -N and pH in Tumbi, Tanzania. A Welch two-sample t-test was used to examine changes in soil N concentrations, pH, and total soil N pools (0-400 cm) after two years of maize cultivation between the two locations between the two different fertilizer treatments. We did not perform any statistics on the soil profile data from September 2014 (after three years of cultivation) in Yala, but report the composite soil data for qualitative comparison with the other profiles.
To examine temporal variation in concentrations of NO (0, 50, 75, 100, 150, 200 kg N/ha/yr) across the study period, we used a repeated measures LME model with N fertilizer rate as the fixed effect and two random effects: (1) effect of plots nested within blocks and (2) collection date. We ran separate LME models for Yala and Tumbi in order to determine the effects of specific treatments at each location.
We used maximum likelihood to understand the relationship between N input fertilizer and soil inorganic N concentrations. Specifically, we identified the maximum likelihood parameters for the linear, exponential, quadratic, and sigmoidal, and step response functions relating fertilizer rates to mean N topsoil concentrations and to pH at the end of the study. Model parameters were determined by simulated annealing using the anneal function in the likelihood package (Murphy 2015) . Comparison among the response functions was conducted using corrected Akaike's information criterion (AIC). All statistics were run in the R environment for Mac (R Core Team 2015) .
resuLts
Rainfall and surface soil responses
Yala received 1162 mm of rain in the first and 760 mm of rain in the second maize growing season. In Tumbi, maize received 715 mm of rain in the first and 739 mm of rain in the second growing season ( Fig. 1; Table 4 ). Only 89 mm of rain fell during the dry season in Tumbi, whereas Yala received 330 mm of rain in the short rainy season of 2012. (Fig. 1) , but not in Tumbi. In Tumbi, inorganic N pulses generally tracked fertilizer applications and were lower during the dry season ( Fig. 1F and G) . Ammonium-N concentrations did not show any strong patterns in Yala or Tumbi, but were higher and more variable in Tumbi than Yala. As expected, the range of within-site variability in N concentrations was much larger in Tumbi than Yala (Fig. 1) . For example, NO The range of in soil pH was similar in Tumbi and Yala (pH 4.0-7.4 at both sites). Soil pH showed strong intra-annual variation in the acidity levels in topsoils but did not differ between sites (Fig. 1) . Inorganic N concentrations in unfertilized soil profiles were significantly higher in Yala, Kenya than in Tumbi, Tanzania (P < 0.02 for both NO Our likelihood analyses show that that the final mean inorganic N concentrations were a linear function of N fertilizer application rate in Yala, with AIC values more than two units lower than for other models, but we cannot differentiate between the models for N in Tumbi, where the linear, quadratic, and sigmoidal all performed equally well (Appendix S1: Fig. S2 , Table S1 ). Mean soil pH responded non-linearly to fertilization rate in both sites.
Soil inorganic N (NO
Deep soil profiles
In both sites, there was a bulge of inorganic N between 15 and 50 cm with significantly higher concentrations than in deeper subsoils (P < 0.05; Fig. 2A and B) . In Tumbi, pH decreased in the top 50 cm and then increased with depth (P < 0.0001, r 2 = 0.48; Fig. 2C ). In Yala, pH remained relatively constant throughout the profile. After two years of maize cultivation, inorganic N concentrations were similar in Yala than Tumbi. In Yala, there were no significant differences in soil inorganic N concentrations or pH between the fertilized and unfertilized plots, and inorganic N declined between years 1 and 2 in both fertilizer treatments (P < 0.01; Fig. 2A-E) . In Tumbi, inorganic N concentrations declined between years 1 and 2 in the unfertilized plots, but increased in plots receiving 200 kg N/ha/yr ( Fig. 2A-E) . Inorganic N concentrations tended to be higher in the topsoils of the plots receiving inorganic fertilizer compared to organic plots (Fig. 2G, H) , but subsoils were similar between the two fertilizer types.
In Yala, soil inorganic N pools (0-400 cm) contained 240 kg N/ha after one year of unfertilized maize cultivation ( Fig. 3A; Table 5 ), but after two years, topsoil N pools were significantly smaller, reducing the overall N pool by about 100 kg N/ha (P = 0.03 in unfertilized and P = 0.009 in fertilized plots; Fig. 3B, C) . About 12% of the total inorganic N was stored in topsoils (0-30 cm), 80% of which was in the form of NO − 3 . Inorganic N pools collected after three years (September 2014) appeared to be closer to baseline levels (280 kg N/ha; Fig. 3D,E) . It should be noted that in Yala, year 1 and 3 soils were collected after cultivation of one season of long rain maize and in year 2 following two seasons of continuous maize cultivation (i.e., long and short rain maize).
In Tumbi, inorganic soil N pools were initially small (79 kg N/ha), and pools in unfertilized plots and plots receiving organic fertilizer did not change after two years of cultivation ( Fig. 3F-H ; Table 5 ). However, plots receiving inorganic fertilizer (either 75 or 200 kg N/ha/yr) were significantly larger following two years of cultivation and fertilization (P = 0.008 and P = 0.029, respectively; Fig. 3I, J) . The majority (36%) of the accumulated N was found in the top 30 cm of soil and 47% in the form of NH + 4 . This contrasted with the unfertilized and organic fertilizer plots, where only about 12% of the total soil N pool (400 cm) was stored in the topsoil. In Yala and Tumbi, the top 30-50 cm tended to store the greatest amount on N per unit soil area, except for plots in Yala receiving 200 kg N/ha/yr, where N was evenly distributed throughout the profile (Appendix S1: Fig. S1 ). 
Soil N varies with soil type and fertilizer rate
By comparing soil N pools in plots that received a range of fertilizer application rates, we captured the varied effects increased fertilizer applications may have on N dynamics in soils with highly contrasting textures. Soils in both Yala and Tumbi stored large quantities of N (Fig. 3) . In Tumbi, these pools increased with fertilizer application and were depleted when cultivated without fertilizers, while pools were of similar size in Yala regardless of fertilizer treatment. In Tumbi, the positive relationship between N inputs and soil inorganic N concentrations suggests that fertilizer rates have an important direct control over soil inorganic N storage in these soils (Appendix S1: Fig. S2B , Table S1 ). The larger initial soil N pool in Yala was consistent with higher retention capacity in clays compared with sands. Low N accumulation in Yala may also be the result of higher maize yields in the clayey than sandy site.
In Yala, soil N pools were nearly twice as large after one season of maize cultivation (~266 kg N/ha) as pools after two consecutive seasons of maize cultivation (~137 kg N/ha; Table 5 ). Maize is an N-demanding crop, and the climate in Yala allows two growing seasons. Therefore, the second (unfertilized) maize crop likely consumed most of the residual topsoil N, leading to similar sized N pools in unfertilized and fertilized plots. Soil N pools measured at the same point in the growing season did not show evidence of N accumulation even in plots receiving 200 kg N/ha/yr (more than double the rate promoted by the AGR). This suggests that recommended fertilizer rates may not replenish soil N pools in the shortterm if two seasons of maize are cultivated each year. Not all farmers in the region plant two seasons of maize; many cultivate beans, peas, groundnuts, or potatoes (sometimes as intercrops) in the short rains, though they are typically unfertilized. Crop type and N-demand will also alter soil N pools. Fallowing or planting leguminous cover crops over the short rainy season may capture N from the soil profile and release to the next long rain maize crop providing a mechanism to recycle N (the N safety-net hypothesis; Babbar and Zak 1995 , Mekonnen et al. 1997 , Udawatta et al. 2002 . While previous studies found large pools of N in cultivated Kenyan soils (199 kg NO − 3 N/ha to 4 m; Mekonnen et al. 1997) , large N storage in sandy Tumbi soils were surprising, particularly because this N may be susceptible to leaching as fertilizer application rates increase.
In Tumbi, where the dry climate only permits one season of maize per year, soil inorganic N pools were twice as large as initial pools in plots that received 75 kg N/ha/yr of inorganic fertilizer and four times larger than initial pools in plots that received 200 kg N/ha/yr of inorganic fertilizer after two years of cultivation (Fig. 3) . Although the amount of N accumulation (292 kg N/ha) in Tumbi seems high, it is still substantially lower than accumulation (363 kg N/ha to 300 cm) in maize fields near Beijing, China, receiving 240 kg N/ha/yr (Ju et al. 2004 ). Unlike China, where maize yields range between 6 and 11 ton/ha, annual maize yields in Tumbi were low and close to the regional average for East Africa of 1 ton/ha (Sanchez 2015) even when fertilized. Annual precipitation in Tumbi is half that in Yala (Table 4) , and short dry periods at the beginning of the growing season (see December 2012; Fig. 1E ) can severely impact maize yields. Further, Tumbi soils have a low water holding capacity (<10%), compared with Yala (40%), and very low residual soil moisture (3% by vol.; T. A. Russo, et al, unpublished data) following the dry season. As a result, the quantity of N exported in the harvest was about six times lower in Tumbi than in Yala, which may explain why soil N pools in Tumbi were larger after two years of cultivation and fertilization. For example, the initial soil pool in Tumbi was 79 kg N/ha and 400 kg N was applied over two years in the highest treatment plots, but only 49 kg N/ha were removed in the maize harvests (in 2013 and 2014 combined), a difference of 430 kg N/ha in the soil profile. We observed 371 kg N/ha in the profile (Table 5 ). The difference between the expected and observed size of the soil N pools could be explained by leaching losses, which may occur during a rainfall event during the dry season or the onset of rains in mid-December (>50 kg N/ha/yr; K. L. Tully, et al., unpublished data) . The accumulation of N in the soil profile at Tumbi may lead to large economic and environmental losses if N is rapidly released from topsoils into lower soil layers or shallow groundwater. Cultivation of drought-tolerant cover crops or relay cropping into the dry season could improve N capture in sandy soils. The return of organic material (in the form of cover crops or residues) would improve nutrient and water retention in these low-yielding soils and improve yields (Tully et al. 2015b) . In Tumbi, maize yields appear to respond nonlinearly to fertilizer inputs with the highest yields in moderately fertilized plots regardless of fertilizer type (Table 5) , which suggests that fertilizer applications in excess of 75 kg N/ha may accumulate in the soil profile and be subject to leaching losses. Thus, we show that both environmental and food production objectives may be met through moderate applications of inorganic and organic fertilizers especially when coupled with strategies to improve field-level water use efficiency.
Water limitations and farm management alter intraannual variability
There was evidence of differences in pH between Tumbi and Yala, but Tumbi topsoils showed high intraannual variability in pH throughout the growing season likely because Tumbi parent material was less buffered to changes in pH than Yala parent material. In both sites, most of the variability in soil N pools occurred in the topsoil (0-30 cm). Soil inorganic N concentrations were more variable in Tumbi than Yala, which may be caused, in part, by water limitations early in the growing season and the site's low soil moisture content. Young maize plants likely experienced fertilizer burn in plots receiving high doses of fertilizer, because low rainfall left fertilizer undiluted long enough to damage plant roots. This may explain why we observed low yields in high fertilizer plots in Tumbi and the consistently high N concentrations throughout the course of the study in the heavily fertilized plots (Table 5) .
In both sites, the majority of N was applied in the form of urea (CO(NH 2 ) 2 ), which is usually rapidly mineralized to NH + 4 and nitrified to NO An increase in fertilizer applications as promoted by the African Green Revolution has clear implications for biogeochemical cycling across SSA. Soil type and climate will combine to create very different outcomes for both farm productivity and N cycling across the region.
summary Soil texture and farm management combine to create variation in soil N pools across the two East African agricultural sites. In the clayey soil, large initial soil N pools were consistent with a higher density of binding sites and anion exchange capacity, which can provide greater overall storage of N in the soil profile and a lower potential for N loss to leaching. However, cultivation of two maize crops per year, compared to one crop in Tumbi, reduced N storage in the soil profile in Yala. Yields on the sandy soil were low (even by regional standards), and reduced N uptake by maize may have led to the accumulation of N in the topsoils of fertilized plots. Large variation in topsoil N concentrations in the sandy Tumbi soils provided some evidence that they were prone to leaching losses during rainfall events that follow fertilizer applications. Planting legume cover crops or permitting vegetative fallow could improve N cycling by storing and/or replenishing soil N and C pools in both regions. Further, consistently low maize yields in Tumbi, regardless of fertilizer rate suggest, that N may not be limiting productivity as much as other factors, such as soil moisture. A better understanding of the vertical distribution of soil N pools and how they vary through time improves the ability to predict the potential environmental effects of a dramatic increase in N fertilizer application rates that will accompany the intensification of African croplands.
